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Abstract 
Phase change materials (PCM) is one of the most interesting solutions to be used in thermal 
energy storage (TES) systems for direct steam generation (DSG) thermosolar facilities. 
Properties such as high energy density and energy storing/delivery at constant temperature bring 
PCM based systems in excellent candidates for DSG facility storage units. Accordingly, LiOH-
KOH peritectic mixture, with a melting point of 315 ºC and an enthalpy change of 535 kJ/kg, 
has been reported as attractive solution for the saturated storage module in DSG plants. A 
steam-PCM heat exchanger is the critical component to carry out the thermal transference 
between both substances. Although materials selection to be applied for steam applications is 
well known, lack of knowledge is detected in the field of high temperature hydroxides 
corrosion. Therefore, three metallic materials, A516 Gr70 carbon steel, A316L stainless steel 
and Inconel 625 Ni-base alloy, have been evaluated to determine their corrosion performance 
after hydroxides exposure. While A516 Gr70 was discarded for this application due to high 
corrosion rates, A316L and Inconel 625 displayed good corrosion resistance after 2640 hours. 
Finally, A316L stainless steel was selected as potential candidate for the construction of the 
steam-PCM heat exchanger considering cost and thermal efficiency optimization. 
Keywords: Corrosion, solar energy, direct steam generation (DSG), thermal energy 
storage (TES), phase change material (PCM), hydroxides 
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1. Introduction 
Thermal energy storage (TES) in thermosolar industry is one of the main distinguishing factors 
to make the technology feasible [1-3]. Decoupling the peak energy demand time frame from the 
hours with maximum solar irradiation is crucial to integrate this technology in an efficient 
manner to the market [4-6]. One of the main emerging TES technologies within the thermosolar 
industry is the latent heat storage using phase change materials because it offers interesting 
characteristics in terms of energy density and heat exchange. The first advantage of those 
systems is the large energy density they have in comparison with systems working in the 
sensible region. The second interesting and peculiar characteristic is that PCM based systems 
deliver energy at constant temperature. This is an important difference regarding sensible heat 
solutions which store and deliver energy while changing its temperature [7-9]. 
PCM solutions have been usually related with direct steam generation (DSG) technology 
because their property of storing and delivering energy at a given temperature. Since steam 
exchanges heat at constant temperature when evaporates and condensates, the heat exchanged 
between a PCM and the steam requires less temperature differences between the storage media 
and the steam minimizing the exergy destruction [10-12]. Another important parameter of PCM 
systems is the melting point of the substance which is directly related with the steam discharge 
pressure in DSG technology. For a given melting point and temperature difference between the 
PCM and the steam, the evaporation pressure would be also fixed. Accordingly, maximum 
commercial Rankine power cycle efficiencies have been reported around 120 bar being the 
associated discharge temperature close to 324 ºC and maximum temperature of superheated 
steam around 550 ºC [13,14]. 
Important efforts have been done trying to integrate the PCM technology within the DSG solar 
power generation (Fig. 1a). One of the most studied solutions has been to split the TES system 
in three different units depending on the water/steam conditions: pre-heater, evaporator and 
superheater [15]. Feldhoff et al. [16] studied different alternatives to solve the TES system 
combining sensible and PCM subsystems. While latent heat related to the steam evaporation is 
always given by a PCM system, the sensible heat associated to water preheating and steam 
superheating could be solved with different solutions: (i) Concrete blocks, (ii) PCM and (iii) 
Molten salts storage tanks (Fig. 1b). In this way, an interesting DSG plant storage system would 
integrate a PCM system for preheating and evaporating and a configuration of two molten salt 
tanks for superheating the steam (Fig. 1b). 
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Table 1. LiOH, KOH characteristics [30] 
 LiOH KOH 
Supplier Sigma Aldrich Sigma Aldrich 
Reference 442410 60370 
Grade Reagent grade Puriss. p.a. 
Purity 98% ≥ 86% 
Form Pellets Pellets 
 
2.2. Metal alloys 
Three different alloys, A516 Gr70 carbon steel, A316L stainless steel and Inconel 625 Ni-base 
alloy, were selected to validate the corrosion performance in contact with LiOH-KOH mixture. 
A516 Gr70 carbon steel is a structural alloy widely used in the manufacture of boilers, storage 
tanks and pressure vessel in many industrial sectors for low and moderate working 
temperatures. On the other hand, A316L is an austenitic stainless steel with low carbon content 
(< 0.03%wt) in order to minimize the tendency of this alloy to form chromium carbides which 
would precipitate in the grain boundaries producing the material sensitization in the range of 
420-850 ºC. Alloying elements in this stainless steel such as Mo (~2%wt) reduce pitting and 
stress corrosion cracking (SCC) susceptibility. Finally, Inconel 625 is a nickel-chromium alloy 
used in really highly demanded conditions for its high strength, excellent deformability, 
weldability and outstanding corrosion resistance. Service temperature for this alloy is fixed in 
the range from cryogenic to 982 °C. Chemical compositions for materials under evaluation 
attending to associated standards are exposed in Table 2 and details of these alloys on reception 
are showed in Fig. 4 [31,32]. 
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Once hydroxides were weighted and mixed in the glove box, the mixture was introduced inside 
both autoclaves being heated up to 360 ºC under N2 atmosphere. Temperature was fixed at 360 
ºC during several hours to homogenize the mixture. Then, autoclaves were depressurized and 
opened to introduce corrosion racks with metallic coupons of the three materials under study. 
Finally, autoclaves were closed being pressurized at 10 bars with N2 as cover gas. Test 
temperature was fixed at 360 ºC for both test times, 1005 hours for autoclave 1 and 2640 hours 
for autoclave 2. Temperature profile was recorded during the test measuring this parameter with 
three different thermocouples to assure homogeneous temperature inside both reactors. 
Different types of metallic coupons were assembled to corrosion racks to evaluate corrosion 
phenomena such as uniform corrosion, stress corrosion cracking (SCC) and crevice corrosion, 
among others. Corrosion rack design and metallic coupons detail is shown in Fig. 7. Corrosion 
rates calculation was performed following guidelines described in ASTM G1-03 taking into 
account weight loss associated to each material after testing [33]. Accordingly, oxides layers 
generated during thermal-corrosive treatment were removed by applying a specific chemical 
etching extracted from this ASTM standard (50% HCl solution plus 3.5 g 
hexamethylenetetramine for carbon steel, 10% HNO3 and 2% HF solution for stainless steel and 
10% H2SO4 solution for Ni-base alloy). Following equation (Eq. 1) was applied to obtain 
corrosion rates as µm/year:   
0
W KVc
S t
  Eq. 1
 
where, ∆W is the weight loss of the sample after testing and removing oxide layers (g), S0 is the 
initial metallic surface in contact with the corrosive fluid (cm2), K is a constant to express the 
final result as µm/year (8.76x107), t is the exposure time in hours and  is the metallic alloy 
density in g/cm3. Average corrosion rates were calculated by descaling at least two corrosion 
coupons of each material. It was assumed that total weight loss was only associated to uniform 
corrosion without taking into account localized phenomena which were evaluated by other 
methods. Vc provides an interesting result from engineering point of view to specify corrosion 
allowances of the heat exchanger where hydroxides will exchange thermal energy with the 
steam during freezing-melting cycles. Furthermore, corrosion rates obtained from 360 ºC test 
would include a security factor to specify corrosion allowances for a long term design. 
 Fig.
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would recommend this material for long term service under operation conditions of this 
application. Corrosion rates reduction suggested the formation of protective oxide layers. 
Therefore, parabolic or logarithmic kinetic is expected for long exposure times. Similar 
performance was detected for Inconel 625 regarding corrosion rates evolution. Although 
corrosion rates related to Inconel 625 were higher than obtained for A316L, being this material 
recommended based on the specific application, values decreased with test time demonstrating 
the passivation of this Ni-base alloy. 
Except for the Inconel 625 alloy, the other steels under evaluation experienced negative weight 
losses after being exposed to hydroxides bath at 360 ºC. Negative weight changes for coupons 
which display oxide layers over base materials usually indicate that some alloying elements, 
coming from corrosion products and/or from base material, are removed by the medium being 
solubilized in the bath.  Taking into account that the EDS profiles associated to A516 Gr70 and 
A316L did not evidenced significant changes in the majority alloying elements in the base 
material, weight loss should be attributed to certain dissolution of the oxide layers.  
 
Table 3. Corrosion rates for A516 Gr70, A316L and Inconel 625 
Test time 
(hours) 
A516 Gr70 
 
A316L 
 
Inconel 625 
 
(mg/cm2) (µm/year) (mg/cm2) (µm/year) (mg/cm2) (µm/year)
t1: 1005 -5.8 136 -0.07 10.3 0.30 30.0 
t2: 2640 -21.8 134 0.02 6.3 1.8 15.2 
 
Table 4. Guide for corrosion rates in the industry adapted to A516 Gr70, A316L and 
Inconel 625 [37] 
A516 Gr 70 
(µm/year) 
A316L 
(µm/year) 
Inconel 625 
(µm/year) Recommendation 
> 1275 > 1253 > 1185 Completely destroyed within days 
127 - 1274 125 - 1252 118 - 1184 Not recommended for service greater than a month 
64 - 126 63 - 124 59 - 117 Not recommended for service greater than 1 year 
14 - 63 13 - 62 12 - 58 Caution recommended, based on the specific application 
0.4 - 13 0.4 - 12 0.3 - 11 Recommended for long term service 
< 0.3 < 0.3 < 0.2 Recommended for long term service; no corrosion, other 
than as a result of surface cleaning, was evidenced 
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4. Conclusions 
This study evaluates the corrosion performance of three different metal alloys, A516 Gr70 
carbon steel, A316L stainless steel and Inconel 625 Ni-base alloy, as container material for the 
construction of a high temperature PCM heat exchanger for DSG technology. Accordingly, 
thermal-corrosive treatment were developed within high temperatures autoclaves at different 
test times.  
A516 Gr 70 showed the worst performance after testing in the hydroxide bath at 360 ºC. In 
addition to high corrosion rates which advice against taking into account this material for a long 
term design, corrosion products spalling was detected within the second test time. Therefore, 
iron oxides developed over metal alloys were not as protective as required to achieve full 
passivation and significant reduction in the corrosion rates after 2640 hours. However, localized 
corrosion phenomena such as pitting, SCC and crevice susceptibility were not detected for this 
carbon steel. A316L and Inconel 625 showed low corrosion rates, 6.3 and 15.2 µm/year 
respectively, being both materials suitable for the application under consideration although 
caution design should be advised for the Ni-base alloy. Protective and well adhered corrosion 
products, mainly composed by Fe, Ni and Cr as detected in the EDS mapping, were identified 
for these alloys expecting parabolic or logarithmic corrosion kinetic profiles for long term 
performance. Although SCC and crevice corrosion susceptibility was not detected for both 
materials, slight corrosion progression through grain boundaries was displayed by A316L 
stainless steel.  Nevertheless, IGC attack depth was just limited to 10 µm depth. On the other 
hand, negative weight changes were measured after testing for A516 Gr70 (t1 and t2 test times) 
and A316L (t1 test time) in the corrosive medium under evaluation. This effect would be 
attributed to oxides alloying elements solubilisation in the hydroxides bath. Accordingly, 
corrosion mechanism would be influenced by dissolution processes of the corrosion products in 
the LiOH-KOH mixture. 
In conclusion, after a technical-economic feasibility study, A316L stainless steel was selected as 
a first approach for the design of the steam-PCM heat exchanger. In addition to adequate 
thermal-mechanical properties under operation conditions and good weldability, this material 
displayed excellent corrosion performance during test time. While A516 Gr70 was ruled out due 
to high corrosion rates and the development of non-protective oxide layers, Inconel 625 was 
discarded by cause of higher cost (6 times) and larger corrosion rates (2.4 times) than A316L. 
Although a materials selection focused on stainless steel such as A316L optimizes the shell and 
tubes costs and thermal efficiency of the heat exchanger regarding Ni-base alloys, further 
detailed research would be required to analyze IGC phenomena detected after 2640 hours. 
Finally,  materials selection procedure should analyze  carbons steels and stainless steels grades  
in future studies to optimize the heat exchanger design being Cr-Mo steels and ferritic stainless 
steels interesting low cost alternatives to A316L stainless steel. 
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